Chemical compositions and internal transcribed spacer (ITS) sequences of five samples of Ligularia lamarum collected in Sichuan Province, China, were analyzed. Fourteen compounds, including four new eremophilanes and one new seco-eremophilane, were isolated and their structures were elucidated by spectroscopic methods.
3 furanoeremophilanes (Kuroda et al., 2004; Kuroda and Nishio, 2007) . Although samples 1 and 2 were collected close to each other, they showed different TLC patterns. Sample 1 showed a blue spot at Rf = 0.48 (hexane/EtOAc 7:3), whereas sample 2 showed two purple spots: one at Rf = 0.73 and one at 0.39. Samples 3-5 showed the same spots as in sample 2, suggesting that the major chemical constituents were very similar.
The extracts were analyzed by LC-MS. The total ion chromatograms (TICs) are shown in Figure 2 . The chromatograms of samples 2-5 were almost identical, in agreement with the TLC results. The EtOH extracts of two previous samples (samples 6 and 7 (Saito et al., 2011, see Table 1 )) were also subjected to LC-MS. The TICs of samples 2-5 were very similar to that of sample 7, but differed from that of sample 6.
--- Figure 2 ---Fourteen compounds, including eremophilane-type sesquiterpenes 1-12, α-bisabolol, and lupeol, were isolated from the dried roots ( Figure 3) . From sample 1, 1 (Tori et al., 2008) , 4, 5, and α-bisabolol were isolated (Table 1) .
From sample 2, 1 and 7 were isolated. From sample 3, 1, 2 (Nagano et al., 1982) , 8 (Shimizu et al., 2014a) , and 9
were isolated. From sample 4, 1, 2, 3 (Tada et al., 1971) , 6 (ligularone; Ishii et al., 1965; Koike et al., 1999) , and 7
were isolated. From sample 5, 1, 2, 6, 7, 8, 10 (Tori et al., 2008) , 11 (Saito et al., 2015) , 12, and lupeol were isolated.
---Figure 3---
Of the 14 compounds, 4, 5, 7, 9, and 12 were new. Their structures were determined as detailed below.
The molecular formula of 4 was determined to be C20H26O5 from high-resolution CI-MS (HRCIMS) (m/z 346.1773; M + ) and 13 C NMR data. The IR spectrum showed the presence of a hydroxy group (3510 cm (Tables 2 and 3 ). Signals of three oxygenated methines were also observed [δH 3.29 (d, 5.6 Hz, H-1), 5.21 (ddd, 11.5, 7.1, 4.2 Hz, H-3), and 4.15 (s, H-9); δC 61.8 (C-1), 68.6 (C-3), and 68.1 (C-9)], among which the δ and J values of the H-1 and H-3 signals were typical of 3β-acyloxy-1β,10β-epoxyfuranoeremophilane derivatives (Shimizu et al., 2014b) . The planar structure, including the position of the hydroxy group, was determined by COSY (H-1/H2-2/H-3/H-4/Me-15) and HMBC (from H-9 to C-1, 5, 7, 8; from Me-14 to C-4, 5, 6, 10; from Me-15 to C-3, 4, 5; from H-3 to C-1′) (Figure 4 and between H-3 and H-4 (4.2 Hz). Thus, the structure of compound 4 was established as depicted.
--- Figure 4 , Tables 2 and 3 195.6/197.5 (C-9) ], were observed. The COSY spectrum indicated proton connectivity for H-1/H2-2/H-3/H-4/Me-15 and the planar structure with an 8,9-seco-eremophilane skeleton was determined by HMBC (from H-1 to C-9; from H-6 to C-4, 5, 7, 8, 10, 11 ; from H-9 (aldehyde) to C-5, 10; from Me-13 to C-7, 11, and 12) ( Figure 5 ). A related 8,9-seco-eremophilane was previously isolated from L. virgaurea (Saito et al., 2012) ; however, the position of the angeloyloxy group was different. Relative configurations were determined by NOEs between H-1 and H-9, H-2β [δH 2.10 (major isomer)] and Me-15, and
Me-14 and Me-15 ( Figure 5 ). This compound may have been generated from 4 by oxidation of the furan ring, followed by cleavage between C-8 and C-9, as reported by Yaoita and Kikuchi (1996) and by us (Saito et al., 2012 ).
--- Figure 5 ---Compound 7 showed a molecular ion peak at m/z 290, and its molecular formula was determined to be C17H22O4 The position of the acetoxy group was deduced to be at C-1 by the COSY (H2-9/H-10/H-1/H2-2/H2-3) and HMBC
(from H-1 to C-1′; from H-14 to C-4, 5, 6, 10) shown in Figure 6 . which was supported by the J value of H-1. Therefore, the structure of 7 was established as depicted in Figure 6 .
--- Figure 6- ) indicated that all substituents were β-oriented.
--- Figure 7 ---The molecular formula of 12 was determined to be C17H26O5 from HREIMS (m/z 310.1782; M + ) and 13 C NMR data.
The IR spectrum showed the presence of a hydroxy group (3500 cm -1 ). Absorption at 1805 cm -1 indicated the presence of an epoxy-or enol-lactone (Saito et al., 2011; Tori et al., 2006 Tori et al., , 2008 Figure 8 indicated an eremophilanolide skeleton bearing oxygen functionalities at C-6, C-7, C-8, and C-10. The HMBC correlations from H-6 to C-1′ and from OH to C-1 and C-10 indicated that the ethoxy and hydroxy groups were at C-6 and C-10, respectively. The NOE NOEs between H-11 and H-4, 6 and between Me-13 and H2-1′ indicated that the configuration of the epoxide oxygen atom and Me-13 was β. Therefore, the structure of 12 was established as depicted in Figure 8 .
Genetic analysis
The DNA sequence of the ITS1 -5.8S -ITS2 region of the ribosomal RNA (rRNA) gene cluster was determined.
The results are shown in Table 4 . Sample 3 showed a relatively large number of sites with multiple bases and variation in the number of repeated C at two sites, suggestive of introgression. A Basic Local Alignment Search Tool (BLAST) search suggested L. sagitta as a candidate of the hybridization partner: some of the sites with R, W, or Y (underlined in Table 4 ) and the presence of length variants in sample 3 could be explained by superposition of L. lamarum and L. sagitta sequences. Although samples 1 and 6 were chemically different from the others, the sequences of samples 1, 2, and 4-6 were very similar.
--- Table 4 ---
Discussion
Furanoeremophilanes, including 1, were isolated from all five samples; however, the chemical composition of sample 1 was different from those of samples 2-5 in that 9-oxygenated derivatives, 4 and 5, were isolated. LC-MS analysis of the isolated compounds indicated that 4 (tR = 14.0 min) was the major component ( Figure 2 ). The major peaks of samples 2-5 were determined to be furanoeremophilane-6,10-diol (3, tR = 11.4 min) and 6-ethoxyfuranoeremophilan-10-ol (1, tR = 17.5 min). Compound 1 may be an artifact generated from 3 or 6-acyloxy derivative(s) during ethanol extraction (Kuroda et al., 2016 , and references cited therein); thus, 3 or its 6-acylated derivatives may be the major component of these samples. Compound 3 was not isolated from samples 1-3 or 5, indicating 3 was converted to 1 during extraction. The TIC of sample 7 was also very similar to those of samples 2-5. Compound 3 was isolated as the major component of sample 7 (Saito et al., 2011) . None of the present five samples showed a peak of subspicatin A (13, tR = 16.8 min), a major component of sample 6 (Figure 2 ).
Ligularol (14, tR = 15.3 min), another major component of sample 6, was observed only for sample 3. Previously analyzed L. lamarum samples were grouped into two chemotypes: 1) a furanoeremophilane type and 2) an eremophilen-8-one type (Saito et al., 2011) . The present results indicate the presence of at least three subtypes within the furanoeremophilane type: 1) a 9-hydroxy subtype (sample 1), 2) a 6,10-dihydroxy subtype (samples 2-5 and 7), and 3) a 1β-acyloxy subtype (subspicatins; sample 6 and most of the previously analyzed samples).
Interestingly, the configuration of the 1-acyloxy group in 7 is different from that in subspicatins. Sample 1 is unique in that the major component is a furanoeremophilan-9-ol derivative, which is rare in Ligularia.
Furanoeremophilanes with a 9-hydroxy (Fei et al., 2010; Saito et al., 2012) or a 9-acyloxy group (Bohlmann et al., 1977; Ponomarenko et al., 2014) have been isolated only as minor components.
Sample 3 appeared to have undergone hybridization, most likely with L. sagitta, which is abundant in the northwestern Sichuan to southeastern Qinghai area. However, the chemical composition of sample 3 is very similar to that of pure L. lamarum (Figure 2 ). We reported a similar instance in which a L. lamarum sample was introgressed with L. cyathiceps, whereas its chemical composition was typical of L. lamarum/L. subspicata (Shimizu et al., 2014a) . Although furanoeremophilanes have not yet been isolated from L. sagitta, 6,10-oxygenated eremophilanolides (Li et al., 2003) and many other eremophilanes have been isolated. Hybridization is an important process in plant evolution (Riesberg et al., 1998) . Introgression between L. lamarum and L. sagitta may have contributed to the chemical diversity in both species, which requires further examination of more samples.
Conclusion
Twelve eremophilane sesquiterpenes, including one seco-type, were isolated from five samples of L. lamarum collected in northern Sichuan Province. We previously reported that L. lamarum samples collected in Yunnan and southern Sichuan consisted of two chemotypes: 1) a furanoeremophilane type and 2) an eremophilan-8-one type (Saito et al., 2011) . The present results showed diversity within the furanoeremophilane type. Introgression, presumably with L. sagitta, was also detected, adding to our previous observations of introgression of L. lamarum with L. cyathiceps (Shimizu et al., 2014a) and of hybridization between L. nelumbifolia and L. subspicata, a species that cannot be chemically or genetically distinguished from L. lamarum .
Experimental

General experimental procedures
Column chromatography (CC) was conducted on silica gel (Wako-gel C-200 or C-300 or Kanto silica gel 60 N (spherical neutral)) with hexane/EtOAc as an eluent. Analytical TLC was performed on silica gel (Merck Kieselgel Purification of DNA from dried leaves, amplification of the ITS1-5.8S-ITS2 region by polymerase chain reaction, and DNA sequencing of the regions were conducted as previously described (Nagano et al., 2010) .
Plant materials
Samples were collected in the Hongyuan and Dege counties of Sichuan Province (Table 1 and Figure 1 ). Each sample was identified by X.G. (author). Voucher specimen numbers are listed in Table 1 (deposited in the Kunming Institute of Botany).
Extraction for Ehrlich's test and LC-MS
Extraction of fresh root of each plant (2-5 g) with EtOH was initiated immediately after harvest without drying.
Solid plant material was removed after several days and the extract was subjected to TLC without evaporation of the solvent. See our previous report for details of Ehrlich's test (Kuroda et al., 2004; Kuroda and Nishio, 2007) .
Extraction and purification
The dried roots of sample 1 (9.8 g) were extracted with EtOAc/EtOH (ca. 1:1), and the extract (282.7 mg) was roughly separated by silica-gel (12 g) CC using hexane/EtOAc (100:0, 98:2, 0:100) as the eluent to obtain three fractions. From the less polar fraction, 1 (6.4 mg) was isolated by further CC (silica gel, hexane/EtOAc) and HPLC (Mightysil, hexane/Et2O 7:3). From the middle fraction, α-bisabolol (2.2 mg) was obtained by HPLC (hexane/EtOAc 4:1). From the polar fraction, 4 (6.9 mg) and 5 (2.1 mg) were obtained by HPLC (hexane/Et2O 6:4).
The dried roots of sample 2 (9.0 g) were extracted with EtOAc/EtOH (ca. 1:1), and the extract (366.1 mg) was subjected to silica-gel (12 g) CC using hexane/EtOAc as the eluent. From the fraction eluted with 4% EtOAc, 1 (14.1 mg) was isolated by HPLC (Mightysil, hexane/EtOAc 4:1). From the fraction eluted with 10% EtOAc, 7 (2.8 mg) was obtained by HPLC (hexane/EtOAc 7:3).
The dried roots of sample 3 (4.5 g) were extracted with EtOH, and the extract (321.0 mg) was subjected to silica-gel (24 g) CC using hexane/EtOAc as the eluent. Compound 1 (19.4 mg) was obtained from the fraction eluted with 5-10% EtOAc. From the fraction eluted with 5% EtOAc, 2 (0.8 mg) was isolated by HPLC (COSMOSIL 5SL-II, hexane/EtOAc 99:1, followed by TSK-GEL G1000HHR, EtOAc). From the fraction eluted with 30% EtOAc, 8 (4.4 mg) was obtained by HPLC (COSMOSIL 5SL-II, hexane/EtOAc 8:2, followed by TSK-GEL G1000HHR, EtOAc). From the fraction eluted with 50% EtOAc, 9 (14.8 mg) was obtained by HPLC (COSMOSIL 5SL-II, hexane/EtOAc 8:2).
The dried roots of sample 4 (13.5 g) were extracted with EtOH, and the extract (914.0 mg) was subjected to silica-gel (37 g) CC using hexane/EtOAc as the eluent. Compound 1 (127.1 mg) was obtained from the fraction eluted with 5-10% EtOAc. From the fraction eluted with 5% EtOAc, 2 (2.3 mg) and 6 (1.6 mg) were isolated by HPLC (COSMOSIL 5SL-II, hexane/EtOAc 99:1, followed by TSK-GEL G1000HHR, EtOAc). From the fraction eluted with 20-30% EtOAc, 7 (5.9 mg) was obtained by HPLC (COSMOSIL 5SL-II, hexane/EtOAc 9:1, followed by TSK-GEL G1000HHR, EtOAc). From the fraction eluted with 50% EtOAc, 3 (1.2 mg) was obtained by HPLC (COSMOSIL 5SL-II, hexane/EtOAc 8:2).
The dried roots of sample 5 (6.1 g) were extracted with EtOH, and the extract (344.7 mg) was subjected to silica-gel (24 g) CC using hexane/EtOAc as the eluent. From the fraction eluted with 5% EtOAc, 2 (4.2 mg) and 6 Table 2; 13 C NMR (100 MHz, CDCl3) see Table 3 ; EIMS (70 eV Tori, M., Honda, K., Nakamizo, H., Okamoto, Y., Sakaoku, M., Takaoka, S., Gong, X., Shen, Y., Kuroda, C., Hanai, R., 2006 . Chemical constituents of Ligularia virgaurea and its diversity in southwestern Sichuan of China.
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